Introduction {#S0001}
============

Islet transplantation has become an option of type I diabetes treatment in the past decades. The site of islet transplantation can be simply divided into intrahepatic and extra-hepatic. Although intrahepatic site has higher potential of clinical application for now, several problems, such as poor islet engraftment due to the instant blood-mediated inflammatory reaction (IBMIR) and chronic islet exhaustion due to glucotoxicity, are still unresolved.[@CIT0001] Furthermore, the graft rejection of intrahepatic transplantation cannot be effectively controlled[@CIT0002] due to the islets are dispersive and deep in the liver. Therefore, the concern of extra-hepatic sites is growing.

Extra-hepatic sites include subrenal capsule, omental, intermuscular, and subcutaneous space. The subcutaneous space has been identified as an attractive option due to its accessibility, potential for imaging and retrievability.[@CIT0003] The main problems of subcutaneous site are the limited vascularization and low oxygen tension.[@CIT0004] Therefore, device-auxiliary and drug-auxiliary islet transplantations are designed.[@CIT0005] However, the traditional encapsulated islets still lack proper access for vascular vessels, nutrients, and growth factors.[@CIT0006] Herein, a device-less (DL) transplant procedure is reported[@CIT0005] and improved later:[@CIT0007] A silicone/nylon catheter was pre-implanted to irritate neovascularization in subcutaneous cavity, and 1 month later, the inflammatory response was terminated by removing the catheter. The islets were transplanted after catheter removal to minimize the impact of the inflammatory responses.[@CIT0008] However, there are still some limitations to this strategy. First, it is hard to control the inflammatory reaction only by manipulating the time of pre-implanted catheter because of individual differences. Second, the fibrosis is detrimental for metabolism exchange of transplanted islets, which is hard to be completely avoided. Finally, it cannot provide immune isolation which is essential for allotransplantation or xenotransplantation for future clinical application.

An ideal subcutaneous islet transplantation site should have the following advantages: (1) enough blood and oxygen supply; (2) effective metabolic exchange; (3) efficient immunoisolation of graft and host. Pre-implantation effectively enhances neovascularization and oxygen supply, while it lacks the solutions for effective metabolic exchange and immunoisolation. Recently, electrospun nanofibers have been extensively explored as scaffolds for tissue engineering because of the ability to mimic the hierarchical architecture of an extracellular matrix (ECM). It is reported that uniaxial aligned nanofibers could provide contact guidance for aligning fibroblasts and organizing ECM into a highly ordered structure.[@CIT0009] Moreover, it also presents a high surface area and high porosity with interconnectivity, which promotes cell adhesion, proliferation, and mass transport properties.[@CIT0010] Besides, vascular endothelial growth factor (VEGF) has been commonly used for angiogenesis stimulation and it may be especially working during early islet transplantation. As Lu S. reported, the use of VEGF in the form of modified mRNA potentially enhancing pancreatic islet function after injury.[@CIT0011] Rachel B. Reinert also reported that normal pancreatic VEGF-A expression is much more critical for the recruitment of endothelial cells and the subsequent stimulation of endocrine cell proliferation during islet development rather than adult islets.[@CIT0012]

In this study, we designed VEGF modified PVA/SiO2 composite nanofibers (SiO2-VEGF) for subcutaneous islet transplantation after DL procedure. Our results suggested that SiO2-VEGF had higher angiogenic ability than silicone and induced milder foreign body inflammatory response than nylon. This material could enhance subcutaneous transplanted islet function compared to DL procedure only and it may work via regulating EMT related cell signal pathways.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

PVA (MW 85,000--124,000, Sigma-Aldrich, St. Louis, Missouri, USA), TEOS (Solarbio, Beijing, China"), DMF (Solarbio), APTES (Solarbio), MES (Solarbio), EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, Solarbio), NHS (N-hydroxysuccinimide, Solarbio), heparin (Solarbio), Roswell Park Memorial Institute (RPMI)-1640 medium (GIBCO BRL, Grand Island, NY, USA), β-mercaptoethanol (FD Bio, Shanghai, China), bovine serum albumin (BSA, Gibco, USA), FBS (Gibco, USA), penicillin, and Streptomycin (TBD Science, China), dimethyl sulfoxide (DMSO, Sangon, China), Matrigel (Corning, USA), Transwell (Corning, USA), Krebs--Ringer bicarbonate buffer medium (KRBB, Solarbio), D-glucose (Sigma, USA), streptozotocin (STZ, Sigma, USA), Collagenase P (Roche, USA), Histopaque (Sigma, USA), anti-CD31 antibody (HuaAN Biotechnology, Hangzhou, China), anti-IL-1β antibody (HuaAN Biotechnology), anti-TNF-α antibody (HuaAN Biotechnology), anti-collagen I antibody (HuaAN Biotechnology), HRP-conjugated secondary antibodies (Dako, Glostrup, Denmark), HE (KeyGen Biotech, Nanjing, China), Masson (Leagene, China), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, Sigma, USA), VEGF Elisa Kit (Liankebio, China), rmVEGF (Peprotech, USA), AO/PI Live/Dead Detection Kit (Biolab, China), Annexin-V/PI apoptosis Detection Kit (KeyGen Biotech), Cell Cycle Detection Kit (KeyGen Biotech), Insulin Elisa Kit (Cusabio, China), annexin V/propidium iodide apoptosis detection kit (m3021-2, Molecular Biology and Chemical Company, Shanghai, China).

Fiber Synthesis {#S0002-S2002}
---------------

PVA/silicon nanofibers were synthesized first. Brieﬂy, PVA was dissolved in distilled water by magnetic stirring at 70°C, and further stirred in an oil bath at 80°C for 8 hrs (Sol A). In a separate procedure, TEOS (5 g) was then slowly added into the mixture of distilled water (5 g) and Phosphoric acid (0.1 g) and further stirred for 8 hrs at room temperature (Sol B). Sol A and B were subsequently mixed and magnetic stirred overnight at room temperature. The composite precursor was then subjected to a centrifugal spinning process in a laboratory-scale Cyclone L-1000M from Fiberio Technology Corporation to produce fine fibers. The spinneret was equipped with 30-gauge regular bevel needles (Beckett-Dickerson). 3 mL of the mixed solution was deposited in a plastic syringe with a stainless-steel needle. The needle was connected to a high-voltage generator as anode, while the cathode was connected to a fiber collector covered with a piece of aluminum foil. A voltage of 18--20 kV and a constant flow rate of 0.5 mL for 1 h were applied to the solution with the tip-to-collector distance of 20 cm. After electrospinning for 1 hr, the collected PVA/silica fiber membranes were dried in baker at 37°C overnight, and further cooled to room temperature.

Fiber Modification {#S0002-S2003}
------------------

Mouse VEGF was conjugated to nanofibers via EDC/NHS reaction. Briefly, 1 cm^2^ nanofibers was added to the mixture of 40 mL DMF and 1.6 g APTES 80°C overnight. 96.5 mg MES powder was added to 90 mL ddH~2~O, and then the pH value was adjusted to 5.6 by added the NaOH solution slowly. The MES solution was diluted with water to 100 mL (Sol C). Next, 0.0144 g EDC, 0.0144 NHS and 1 g heparin were added to MES solution (Sol C). Soak the NH~2~- nanofibers in Sol C for 30 mins, then these nanofibers were added with slow shaking for 3 hrs. Finally, these activated nanofibers were added to the VEGF solution (concentration = 100 ng/mL) and reacted for 12 hrs in 4°C condition. The supernatant was removed by washing at least 3 times.

Nanofiber Characterizations {#S0002-S2004}
---------------------------

The as-prepared nanofibers were analyzed by TEM (transmission electron microscope H-7650; Hitachi Ltd., Tokyo, Japan), FTIR (Nicolet 5700 spectrometer, Thermo Electron Scientific Instruments Corp., Madison, WI, USA) and ZLS (Zetasizer Nano Series Instrument, Malvern). Briefly, every sample (0.5 g) was evenly placed on a carbon-coated copper grid, and then stained with 2% uranyl acetate solution. After sufficient grinding and air-drying at room temperature, the sample-loaded grid was observed under TEM. The chemical groups in different samples were characterized by FTIR of KBr powder pressed pellets from the wavelengths of 4000 to 500 cm-1. Zeta potential measurement was carried out by samples diluted in a weight percentage of 0.1%. Triplicate measurements were conducted to check for the reproducibility of the result.

Cell Culture and Animals {#S0002-S2005}
------------------------

HUVEC cell (Human Umbilical Vein Endothelial Cells, HUVEC; The Cell Bank of Type Culture Collection of Chinese Academy of Sciences, ATCC, USA) and MIN-6 cell (Fuheng Biology, Shanghai, China), a mouse insulinoma beta cell line, were grown in regular RPMI-1640 medium supplemented with 50 ng β-mercaptoethanol, 10% FBS, 100 IU/mL penicillin, and 100 µg/mL streptomycin, at 37°C in a humidified atmosphere (5% CO~2~). ICR mice were purchased from the Laboratory Animal Center of Zhejiang University (Hangzhou, China). The animals were fed in the new environment (room temperature, 20 ± 1°C; relative humidity, 55 ± 15%; 12 hrs light/12 hrs dark illumination cycle), in which food and water were provided ad libitum throughout the experiments. All the animal experiments were executed according to the ethical guidelines of the Animal Experimentation Committee in the College of Medicine, Zhejiang University, Hangzhou, People's Republic of China.

Cell Viability and Cell Apoptosis {#S0002-S2006}
---------------------------------

For the cell viability/apoptosis assessment, MIN-6/HUVEC cells (3×10^6^ cells/well, in 6-well tissue culture plates) were co-cultured with suspended nanofibers (concentration=0.1mg/mL, respectively) for 24 hrs after cell stick to the bottom of the well and then gently washed with PBS for three times. The apoptosis was analyzed by FCM (BD FACSCalibur, BD Biosciences Pharmingen, San Diego, CA, USA) after incubation with Annexin V/PI apoptosis detection kit (both 5 µg/mL) at room temperature in a dark place for 15 mins.

The cytotoxicity of nanofibers in MIN-6 cell and HUVEC cell was assessed by MTT assay according to the manufacturer's protocol. MIN-6/HUVEC cells were seeded in 96-well plates at a density of 8000/5000 cells/well, respectively, with 200 µL of complete medium and incubated overnight. The culture medium was replaced with 200 µL of nanofiber suspended solution (concentration=0.1mg/mL).  After being incubated for 4 hrs, the cells were cultured with normal complete DMEM again for another 19 hrs. 20 µL of MTT stock solution was added to each well and incubated for 4 hrs, and then the discarded medium and formazan crystals were dissolved with 150 µL of DMSO. Absorbance was detected with a Microplate Reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 570 nm. Blank wells with 150 µL of DMSO were used as the internal control.

Vessel Formation Study on the Nanofibers {#S0002-S2007}
----------------------------------------

The nanofiber film was cut into an appropriate size to pave the bottom of the culture wells. The HUVEC cells (3×10^4^ cells/well, in 24-well tissue culture plates) were moved into cell culture dishes for 24 hrs; then, the cells were digested by trypsin and PBS washing three times, AO dye was added into the wells and incubated about 15 mins away from light. The MIN-6 cells (5×10^4^ cells/well, in 24-well tissue culture plates) were moved into cell culture dishes for 8 hrs, 24 hrs, and 48 hrs, respectively. Transwell test was performed in order to observe the HUVEC cells glowing into the film.

Tube formation assay was performed by coating Matrigel (10 mg/mL) on a 96-well plate. Suspended HUVECs (25×10^3^) accompanied by VEGF supernatant (containing released VEGF from VEGF-modificated nanofibers) or PBS as the negative control were added to each well. The plate was incubated for 18 hrs at 37°C after which AO was used for staining viable cells. Then, the tube formation was investigated with a fluorescent microscope (Olympus BX51, Olympus, Melville, NY, USA).

Glucose-Stimulated Insulin Secretion Test {#S0002-S2008}
-----------------------------------------

MIN-6 cells with or without nanofibers were incubated in KRBB medium (1×10^5^ cells/well, in 24-well culture plates) supplemented with 1% BSA, for 45 mins, respectively. Then, the media were removed, and the cells were incubated with free glucose KRBB medium, low-glucose KRBB medium (containing 2.8-mM D-glucose) or high glucose (containing 16.7-mM D-glucose) KRBB medium, supplemented with 1% BSA at 37°C for 45 mins, after which 200 µL of supernatant from each sample was collected and analyzed by Insulin Elisa Kit. All the groups were detected three times.

Invitro Studies {#S0002-S2009}
---------------

Recipient mice were rendered diabetic by several times of intraperitoneal injection of STZ (50 mg/kg) between 5\~7 days before transplantation. Blood samples were obtained from the tail vein to monitor blood glucose level. Animals were considered diabetic when their blood glucose levels reached a value of 15mmol/L for three consecutive daily readings.

The islet cells were harvested by methods described previously with some modification. Brieﬂy, 4 mL of collagenase P (1mg/mL) was injected into the common bile duct of 5- to 6-week-old ICR mice. The distended pancreas was isolated and put into a 50-mL conical tube containing an additional 5-mL collagenase P solution. Then, the tube was placed in a water bath at 37°C for 10 mins with intermittent shaking for 3 times (one tube for two pancreases). The number of islets per sample was calculated in IEQ (islet equivalent quantity) following published protocol in which one IEQ represents 150 μm.The derived tissues were purified by Histopaque, and the islet cells were cultured overnight in RPMI 1640 containing 10% FBS, in plates.

The confirmed diabetic mice were randomly assigned into 2 groups. All recipient mice were pre-vascularization by implant silicone tubes (diameter: 4 mm) for 2 weeks and then retrieved the tubes. 200 isolated islets (with or without VEGF-nanofiber wrapped) were transplanted subcutaneously.

Blood samples were obtained from the tail vein to monitor blood glucose level (BGL), and the mice body weight. Normal BGL was defined as non-fasting of less than 12 mmol/L on 2 consecutive days. An intraperitoneal glucose tolerance test was performed on recipients with normal BGL. After a 2-hr fasting, mice were injected with 3 mg/kg body weight of 50% glucose solution, then blood samples from the tail vein were obtained at 0, 30, 60, 90, and 120 mins after injection. At the end of the study, graft resection was removed to indicating normoglycemia was dependent on the islet transplant. The grafts were collected for further histological examination.

Histological Examination {#S0002-S2010}
------------------------

The animals were sacrificed by giving an overdose of anesthesia 2 weeks after transplantation. Subcutaneous grafts were removed and fixed in 4% paraformaldehyde, embedded in paraffin, and sliced into 4-µm thick sections. For immunohistochemistry staining, sections were deparaffinized in xylene and rehydrated in graded ethanol and antigen-retrieval with citrate buffer. After inactivation of endogenous peroxidase with 3% H~2~O~2~, sections were blocked with 1% BSA and incubated with diluted primary antibodies to insulin, IL-1β, TNF-α, ANGⅡ, and collagen I overnight at 4°C, and then stained with HRP-conjugated secondary antibodies. Images of stained sections were captured by a light microscope (Carl Zeiss Meditec AG, Jena, Germany) and quantified by NIH Image J software.

Statistical Analysis {#S0002-S2011}
--------------------

Quantitative data were presented as mean ± standard deviation and analyzed by using SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA) with one-way ANOVA analysis of variance test, and levene test was used for homogeneity of variance test. A *P*-value \<0.05 was considered as significant.

Results {#S0003}
=======

Synthesis and Characterization of Nanofibers and VEGF-Nanofibers {#S0003-S2001}
----------------------------------------------------------------

[Figure 1A](#F0001){ref-type="fig"} shows the synthesis procedure of VEGF modified nanofibers. The morphology of our nanofibers is revealed after VEGF conjugation (SiO2-VEGF NF, [Figure 1B](#F0001){ref-type="fig"}) by TEM and the diameter of the fibers is approximate 4--10 nm. The fluorescent microscope picture shows that the NF is porous ([Figure 1C](#F0001){ref-type="fig"}) and [Figure 1D](#F0001){ref-type="fig"} shows the NF is mat-like for cells adhere and penetrance. [Figure 1D](#F0001){ref-type="fig"} shows a photograph of the SiO2-VEGF NF film compared to 1 Yuan RMB coin, which is used for single mouse islet transplantation. The surface of SiO2 NF is amino enriched after APTES treatment. The terminal amine group (NHS-) of SiO2 NF and the carboxyl group of VEGF antibody are conjugated by the NHS-EDC method and further verified by following Fourier transform infrared spectroscopy assay and Zeta potential analysis. Zeta potential analysis ([Figure 1E](#F0001){ref-type="fig"}) presents VEGF conjugation indirectly, as Zeta potential value changes through the modification. [Figure 1F](#F0001){ref-type="fig"} presents the VEGF-functionalize of nanofibers, the variation at 1712 ppm indicating the conjugation. We note the thickness of the nanofiber film (approximate 100--200 µm) is quite important for further graft wrapping which is controlled by spinning time (1 hr, data not shown). Over-thick film will make the pores completely intercrossed, which makes endothelial cell penetration very difficult.Figure 1The morphological and physicochemical properties of the PVA/Silicone nanofibers (SiO2 NF) and VEGF modified nanofibers (SiO2-VEGF NF) are investigated primarily. (**A**). Schematic diagram of SiO2 NF and SiO2-VEGF NF synthesis and modification via EDC/NHS reaction. (**B**). Representative TEM picture of SiO2-VEGF NF (bar =5 µm). (**C**). Fluorescence microscope picture of SiO2-VEGF NF reveals the pylorus morphology of the nanofibers mat (bar=50 µm). (**D**). Illustrative diagram of SiO2-VEGF NF mat compared to one Yuan RMB (bar =1 cm) which is used for islet wrapping and transplantation. (**E**). Zeta potential assay demonstrates the stability of SiO2, NH2-SiO2, SiO2-VEGF NF and VEGF, respectively. The results indirectly demonstrate the conjugation of --NHS group and VEGF. (**F**). The spectrum of the SiO2 NF and SiO2-VEGF NF are assessed by Fourier transform infrared spectroscopic analysis. The presence of carboxyl group peak at 1712 cm^-1^ (red arrow) in SiO2-VEGF group indicates the carboxylation of terminal hydroxyl on the surface of SiO2 nanofibers.

Nanofibers Have No Deleterious Effect on Cell Viability and Function {#S0003-S2002}
--------------------------------------------------------------------

The biological effects of the nanofibers are investigated first in vitro. From the variation of cell viability presented by MTT assay (MIN-6 cells ([Figure 2A](#F0002){ref-type="fig"}) and HUVEC cells ([Figure 2B](#F0002){ref-type="fig"})), the nanofibers have no obvious deleterious effect on cell proliferation while the nanofiber concentration is up to 100 ng/mL from day 1 to day 4, which is relatively high as inorganic materials. The glucose-stimulated insulin release test further confirms that neither SiO2 nor SiO2-VEGF affects the function of MIN-6 cells, which still produce sufficient insulin on stimulation by high glucose ([Figure 2C](#F0002){ref-type="fig"}). Cell apoptosis results also confirm the nanofibers have no severe cytotoxity ([Figure 2D](#F0002){ref-type="fig"}) as MIN-6 cells are labeled with suspended SiO2 or SiO2-VEGF for 24 hrs (100 ng/mL, respectively).Figure 2The biomaterial properties are tested in vitro (pink as control, yellow as SiO2 NF, blue as SiO2-VEGF NF). (**A**) MIN-6 cells and (**B**) HUVEC cells are cultured with SiO2 NF or SiO2-VEGF NF for 1--4 days and cell viability are assessed by MTT assay. Absorbance was detected with a Microplate Reader at a wavelength of 570 nm; (**C**). The insulin release assay of MIN-6 cells is tested after they are pre-treated with SiO2 NF or SiO2-VEGF NF for 24 hrs. (**D**) Cell apoptosis is calculated by flow cytometry, and the percentages had no significant difference among these three groups. (**E**) HUVEC cell cycle assay indicated the cell percentage of S/G2 increased on SiO2-VEGF NF group for pre-cultured 24 hrs (SiO2-VEGF group, S=6.69; G2=11.0). (**F**).After suspended HUVECs were treated with SiO2-VEGF NF for 24 hrs, tube formation is observed by fluorescent microscope directly and the total ring number significantly increased. (**G**) CD31 staining (brown stain) verified the endothelia cell growth on SiO2-VEGF NF group (\* represents P\<0.05; \*\* represents P\<0.01; \*\*\* represents P\<0.001 and ns represents no significance, respectively).

As cell cycle analyzed, the cell percentage of S and G2 stage increase after SiO2-VEGF NF co-culture ([Figure 2E](#F0002){ref-type="fig"}, blue). Tube formation assay is also performed by suspending HUVECs with SiO2 or SiO2-VEGF, respectively, and observed by fluorescent microscope ([Figure 2F](#F0002){ref-type="fig"}). As shown, HUVECs co-culture with SiO2-VEGF forms more rings than the SiO2 or control group. CD31 staining ([Figure 2G](#F0002){ref-type="fig"}) presents the endothelia cell growth on the SiO2-VEGF group compared to the SiO2 group (brown stain). All these results demonstrate that both SiO2 and SiO2-VEGF nanofibers have good biosafety to guarantee cell viability and function.

SiO2-VEGF Nanofibers Enhance Neovascularization and Induce Mild Inflammation {#S0003-S2003}
----------------------------------------------------------------------------

The foreign body inflammation caused by SiO2 nanofibers is moderate ([Figure 3](#F0003){ref-type="fig"}, lines 2 and 3, blue stain), which induces less density of neovascularization compared to nylon ([Figure 3](#F0003){ref-type="fig"}, line 1, brown stain). Therefore, we conjugate VEGF on nanofibers to enhance angiogenesis. As [Figure 3](#F0003){ref-type="fig"} indicated, the inflammatory pseudo-membrane appeared after tube pre-implantation. Among them, nylon lead to the most chick layer and silicone is the modest ([Figure 3](#F0003){ref-type="fig"}, rows 1 and 2, blue stain). As CD31, IL-1β and TNF-α stain indicated, all these materials lead to neovascularization in keeping with the intensity of inflammation. It is also found that bigger vessels formatted in SiO2-VEGF than the SiO2 group, while the density of the vessels has no significant difference ([Figure 3](#F0003){ref-type="fig"}, CD31 stain brown circle). Much more collagen deposition is found in SiO2-VEGF than SiO2 NF ([Figure 3](#F0003){ref-type="fig"}, Collagen Ⅰ stain).Figure 3Representative picture of nylon, silicone, SiO2 NF, and SiO2-VEGF NF stained by CD31, IL-1β, TNF-α, Collagen I, and Masson trichrome stain, respectively. As nylon (Figure 3, row 1) and silicone (Figure 3, row 2) show, nylon caused severe foreign body inflammation (IL-1β and TNF-α), stronger vascularization (CD31), sicker collagen deposition (Collagen I), and much more fibrosis (Masson). The foreign body inflammation caused by SiO2 NF or SiO2-VEGF NF is moderate, which induces less density of neovascularization as nylon (Figure 3, rows 3 and 4).

SiO2-VEGF Nanofibers Enhance the Function of Islet Transplanted Subcutaneous of Diabetic Mice {#S0003-S2004}
---------------------------------------------------------------------------------------------

[Figure 4](#F0004){ref-type="fig"} shows the subcutaneous transplantation procedure of DL or subcutaneous SiO2-VEGF, respectively. The blood glucose level (BGL) of all mice that received 200 IEQ islets transplanted subcutaneous decreased after islet transplantation, and the average BGL of DL combined SiO2-VEGF group is lower ([Figure 5A](#F0005){ref-type="fig"}). Recipients undergo graft-rectomy 70 days post-transplantation and become diabetic again, demonstrating that normoglycemia is maintained by the islet graft before. According to BGL, the body weight of the SiO2-VEGF group is also heavier ([Figure 5B](#F0005){ref-type="fig"}). The percentage of recipients achieved normoglycemia is higher and earlier as well. However, not all the recipients of DL combined SiO2-VEGF group achieve normoglycemia after transplantation (71% (5/7) for SiO2-VEGF NF group; 60% (3/5) for DL group, [Figure 5C](#F0005){ref-type="fig"}), which is better to Pepper's results (40--60%), but the persuasion is not strong enough as less data. 60 days after transplantation, an intraperitoneal glucose tolerance test (IPGTT) is performed on normoglycemic mouse recipients to test the glucose challenge response ability. All mice tested responded well, and DL combined SiO2-VEGF group was better ([Figure 5E](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). As [Figure 5F](#F0005){ref-type="fig"} insulin staining presented, both DL and DL combined SiO2-VEGF group contains abundant insulin-positive stain cells (red arrows present the islet). The expression of CD31, IL-1β, TNF-α, Collagen Ⅰ and Massion stain is similar to [Figure 3](#F0003){ref-type="fig"}. Tunnel stain for cell apoptosis assay of DL or DL combined SiO2-VEGF-treated islet grafts confirms good functional cell viability as [Figure 5G](#F0005){ref-type="fig"} shows.Figure 4Schematic diagram outlining the protocol of DL or DL combined SiO2-VEGF NF subcutaneous islet transplantation. It contains 3 steps including: (**A**) "Pre-implant the catheter (red arrow) to prevascularization and removal after 14 days. A1 presents the catheter is pre-implanted subcutaneously; (**B**) islet isolation and SiO2-VEGF NF wrapping. Blue mat presents nanofibers wrapping and yellow dots present the VEGF on the surface of nanofibers. (B1: wrapped islets; B2: expanded mouse islet for isolation; B3: syngeneic islets are isolated and collected (bar=100 µm); B4. islet viability is detected by live/dead assay (bar=100 µm)); (**C**) islet or wrapped islet (C1) transplanted in the prevascularized (represented as red curves) percutaneous cavity.Figure 5(**A**) Average blood glucose levels (BGL) of STZ-induced diabetic ICR mice before and after transplantation with 200 IEQ syngeneic islets treated with DL combined SiO2-VEGF are lower than DL group (5 mice in each group; \* represents P\<0.05). (**B**) The average body weight of mice on SiO2-VEGF NF group is significantly higher than those observed in mouse recipients of the same number of islets beginning at day 28 after transplantation and onward (\* represents P\<0.05). (**C**). The percentage of euglycemia mice after subcutaneous islet transplantation (3/5 in DL group; 5/7 in SiO2-VEGF NF group; \* represents P\<0.05). (**D, E**) The BGL and AUC results of mice, which achieved euglycemia, after intraperitoneal glucose injection test at day 60 post-transplantation, respectively. (DL group, N=3; DL combined SiO2-VEGF group, N=5; \* represents P\<0.05). (**F**) Representative immunohistochemical picture of DL or DL combined SiO2-VEGF NF treated islet grafts, respectively. DL combined SiO2-VEGF NF group shows relatively better vascularization (CD 31 stain), less inflammation (IL-1βand TNF- α stain) and thicker collagen deposition (collagen I stain). Brown dots reveal insulin-positive stained cells (indicated with red arrows, bar = 50 µm). (**G**). Tunnel stain for cell apoptosis (green dots) assay of DL or DL combined SiO2-VEGF treated islet grafts, respectively (bar = 50 µm).

The Expressions of Vimentin, α-SMA, Twist-1 are Upregulated by SiO2 Nanofibers but Not E-Cad {#S0003-S2005}
--------------------------------------------------------------------------------------------

To explore the potential mechanism, we evaluate the expression of Vimentin, Ang2, α-SMA, Twist-1, E-cad by Western blot ([Figure 6](#F0006){ref-type="fig"}). We find nylon remarkably enhances Vimentin, Ang2, α-SMA, Twist-1 expression in subcutaneous surrounding tissues and there is no significant difference of E-cad expression between silicone and nylon ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}). Similar molecular alterations are consistent with gradient IL-1β concentration increasing from 1ng/mL to 10ng/mL in HUVECs except Ang2 ([Figure 6A](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}). Next, we confirm the expression of Vimentin, α-SMA, Twist-1 and VEGF are upregulated in vitro ([Figure 6D](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}) and in vivo ([Figure 6D](#F0006){ref-type="fig"} and [E](#F0006){ref-type="fig"}).Figure 6(**A**) The expression of EMT related cytokines by silicone or nylon treated tissue, and HUVEC cells treated with IL-1βfor 24 hrs by gradient increasing concentration (0, 1, 10 ng/mL) respectively. (**B**) the expression of E-cad, Ang2, Vimentin, α -SMA, and Twist-1 by silicone or nylon treated tissue and (**C**) HUVECs treated with gradient increasing IL-1βconcentration (0, 1, 10 ng/mL, respectively). (**D--F**) The expression of E-cad, Vimentin, α -SMA, Twist-1, and VEGF in vitro and in vivo (\* represents P\<0.05; \*\* represents P\<0.01; \*\*\* represents P\<0.001 and ns represents no significance, respectively).

Discussion {#S0004}
==========

With the ongoing study of xenogeneic islets and islet stem cell transplantation, subcutaneous has become an acceptable islet transplantation site of type I diabetes because it is retrievable for biopsy. DL procedure provides a new subcutaneous islet transplantation strategy, and the key of this method is a controllable biological pseudo-membrane formed by pre-implanted foreign body, which induces inflammatory reaction and can be conveniently ceased by removing. It is reported that hydrophilic nylon induces stronger inflammatory response than silicone and stimulates better inflammatory neovascularization which translates into more effective diabetes reversal.[@CIT0005] However, the inflammation that underlies vascularization also impairs islet function.[@CIT0008] Inflammatory cell infiltration induces and formats a fibrotic deposition around grafts, which reduces the nutrient supply and impair the cell viability.[@CIT0013] Herein, the trade-off between less inflammation and more neovascularization needs improvements. In this study, we present that the SiO2-VEGF nanofibers have modest properties between nylon and silicone as reported otherwise before. It enhances/induces the formation of new blood vessels without forming thick and dense fibrotic layer compared to nylon.

Nanofibers are prepared by electrospinning, which is an efficient technique that allows the fabrication of fibrous matrices with controllable fiber diameter and thickness.[@CIT0013] It is reported that the elongated electrospun fibers resemble collagen fibers, form highly porous scaffolds by fibers interconnected, which mimic the architecture of ECM, allow for easy cells adherence and blood vessel growth a.[@CIT0014] This nano-architecture is much more controllable and convenient than nylon or silicone catheter, and it is also very suitable to rebuild islet--ECM interaction. Lots of previous islet encapsulation strategies have been failed probably due to the loss of cell--ECM interactions and biophysical cues, which make insulin-producing β cells undergo multiple cell death processes.[@CIT0015],[@CIT0016] To the aim of rebuilding cell--ECM interaction, some advances in fabrication of three-dimensional (3D) grapheme foams (GFs) are reported to afford effective cell attachment and proliferation and used for tissue regeneration as nerve, bone, cardiac, and skin.[@CIT0017] However, the pore size of these 3D GFs is usually between 100 and 400 μm, which is too large for islet transplantation. In our experiments, we choose PVA/silicone nanofibers because the hydrophilic nature of PVA makes it benign to living tissue and degradable via hydrolysis.[@CIT0018] The chemical adsorption surface modification method is used for VEGF conjugation[@CIT0019] as its convenience. Our results indicate that SiO2 nanofibers could induce neovascularization as other catheters with milder inflammation compared to nylon, and in addition, SiO2-VEGF nanofibers could further enhance the vascularization. On the other side, collagen tissues have been reported to enhance islet survival and insulin secretory function in vitro by using oligomer to encapture islets,[@CIT0020]--[@CIT0022] which means collagen content instead of pure fibrotic encapsulation may be beneficial to re-establishing of islet matrix. In our experiments, collagen Ⅰ expression around the transplanted site increased in the SiO2-VEGF group ([Figure 3](#F0003){ref-type="fig"}, Collagen Ⅰ staining). Furthermore, nanofibers also have the capability to effectively shield the allografts from the immune attack of the host.[@CIT0013] Our results revealed less immune cells penetrate the nanofibrous layers compared to nylon ([Figure 3](#F0003){ref-type="fig"}, TNF-α stain); however, stronger evidence to confirm the contribution of collagen I enrichment needs to be studied further.

VEGF has been commonly used for angiogenesis stimulation. As Hadar pointed out, the VEGF release module concerns for vessel stimulation, which is optimal to initially release a high fraction of the loaded VEGF, as termed a "burst release"[@CIT0023] and subsequently well-defined slow-release kinetics follows, in order to maintain the effect.[@CIT0024] But they also conclude that this release kinetics is affected by many factors, including polymer swelling, biomolecular dissolution/diffusion, and biomolecule/polymer ratios.[@CIT0014] Therefore, it is difficult to predict the controlled release profile of an incorporated protein actually. In our study, we do find SiO2-VEGF nanofibers stimulating tube formation ([Figure 2F](#F0002){ref-type="fig"}) in vitro and neovascularization density ([Figure 3](#F0003){ref-type="fig"}, CD31 stain) in vivo; however, the pattern of VEGF release is unclear.

Another critical and controllable condition to regulate the inflammatory pseudo-membrane is the time window of second transplantation. As Pepper reported,[@CIT0005] the pre-implanted time is 4 weeks, while some others reported that angiogenesis after transplantation is mostly generated between days 7 and 14.[@CIT0008] Our results suggest that tube pre-implanted for 14 days is suitable for completing the formation of neovascularization without forming densely inflammatory pseudo-membrane ([Figure 3](#F0003){ref-type="fig"}). Although chick fibro-layer can effectively prevent IBMIR damage during the following migration of islet cells, it is also possible to hinder the metabolic exchange between the grafts and the host circulation.

We further test some molecular biomarker expression of transplanted tissues to explore the potential mechanism of our DL combine nanofiber procedure. We find nylon enhances Vimentin, Ang2, α-SMA, Twist-1 expression in subcutaneous surrounding tissues ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}) and similar molecular alterations occur when gradient IL-1β concentration increasing ([Figure 6A](#F0006){ref-type="fig"} and [C](#F0006){ref-type="fig"}). IL-1β is a classical inflammation factor, and it is also reported to induce a significant upregulation of EMT markers.[@CIT0025] Our results hint EMT may possibly occur after transplantation induced by foreign body or inflammation factors. It is worth to note that after IL-1β treatment in HUVECs, the expression of Vimentin, α-SMA, Twist-1are up-regulated except Ang2 ([Figure 6C](#F0006){ref-type="fig"}). Ang2 is a pro-angiogenic and pro-inflammatory vascular destabilizer that cooperates with VEGF.[@CIT0026] The expression of VEGF increased in response to Ang2 overexpression and vice versa.[@CIT0027] Compared to [Figure 6F](#F0006){ref-type="fig"}, we may infer EMT may be induced by both inflammatory and angiogenesis factors; and inflammatory factors induce less angiogenesis than released VEGF directly, which means VEGF plays a more important role to enhance neovascularization. In addition, VEGF could activate VEGFR-1 (Vascular endothelial growth factor receptor-1) and lead to an increase in expression of the EMT-associated transcription factors.[@CIT0028] It is reported that cell apoptosis is reduced and angiogenesis of tissues is increased by increased expression of Vimentin, Twist-1, and decreased expression of E-cadherin.[@CIT0027] EMT is also reported to induce abnormal angiogenesis[@CIT0029] through activating the β-catenin-VEGF pathway[@CIT0030] or Wnt/β-catenin pathway in HUVEC cells.[@CIT0031] Besides, not only is VEGFR-1 involved in angiogenesis, it is also reported directly to contribute to tumor cell survival.[@CIT0032] Our HUVEC cell cycle results suggest that angiogenesis enhanced as the cell percentage of S/G2 increased after SiO2-VEGF co-culture. These results above indicate that SiO2-VEGF nanofibers may enhance neovascularization and islet function via EMT. Further confirming investigation as characteristic morphologic changes of EMT, including loss of polarity, increased intercellular separation, and the presence of pseudopodia is warranted.

Conclusion {#S0005}
==========

In this study, we tried SiO2-VEGF nanofibers to improve the feasibility of DL procedure for subcutaneous islet transplantation. It was found that SiO2-VEGF induced less foreign body inflammatory response than nylon and enhanced islet function. The expression of Vimentin, α-SMA, and Twist-1 was upregulated but not E-cad in transplanted tissues, which indicated that SiO2-VEGF nanofibers might enhance tissue neovascularization and islet function via EMT-related cell signal pathway. The nanofibers are expected to raise the possibility of clinical subcutaneous islet transplantation.
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